The cellular events during the initiation and maintenance of ventricular fibrillation (VF) are poorly understood. We developed a nonischemic, isolated, perfused rabbit Langendorff preparation in which sustained VF could be induced by alternating current (AC) and which allowed changes in perfusate composition. We also used Na+-K+ pump inhibition (10 ,uM 
paced the heart to detect aftercontractions. We then tried to block these aftercontractions with ryanodine (10 ,M).
Calcium channel blockade. The role of functional calcium channels in the AC initiation of VF was studied by the addition of verapamil (20 mM) or nitrendipine (10 puM) 10 minutes before VF induction. In the second group, we studied Ca21 channel blockade in VF initiated via Na+-K+ pump inhibition by pretreatment with verapamil (20 mM) or nitrendipine (10 gM).
The use of either verapamil or nitrendipine frequently resulted in asystole, and as such it was difficult to ascertain whether transsarcolemmal Ca21 flux in general or through the calcium channel (with the ensuing depolarization and inward current) was important. To first prove that the hearts were capable of excitation, we treated a subset of preparations with nitrendipine while pacing at 1 Hz. These preparations then were subjected to K'-free perfusate, as above.
Sodium channel blockade. The role of Na' channels in VF initiation from Na+-K+ pump inhibition was studied by the addition of tetrodotoxin (1.0 gM, n=4; 10.0 ,uM, n=2), a specific inhibitor of the sodium channel, to the perfusate 5 minutes before pump inhibition.24 25 Merillat et al Calcium in the Initiation Twenty-six hearts were equilibrated with a K'-free buffer, and all 26 developed progressive ventricular ectopy followed by spontaneous sustained VF ( Table  1 ). The time from perfusate change to VF was variable, between 3 and 6 minutes. Eleven hearts were treated with 10 ,M ouabain after the routine stabilization period. The transition to VF was seen in an identical fashion with ouabain. Figure 1B shows a representative recording of VF induced with a K+-free buffer. In this heart, DC cardioversion was tried without success (see below). All 11 hearts tested developed progressive ventricular ectopy followed by sustained V"F ( verapamil, VF could not be produced by AC. Similarly, nitrendipine prevented the induction of VF in all hearts tested.
Calcium channel blockade prevented the induction of VF in the Na+-K+ pump inhibition model as well. In seven hearts, 20 mM verapamil was added to the perfusate after control equilibration. Next, KCl was omitted from the perfusate to induce Na+-K+ pump inhibition. Figure 2 shows the results with verapamil in a representative experiment, in which the low-K' method of VF induction was used. The combination of verapamil and low K' resulted in asystole but not in VF. None of the hearts with Ca2+ channel blockade developed VF within 1 hour of observation after Na+-K+ pump inhibition (Table 2) . In seven hearts, the experiments were repeated using ouabain to induce VF. None of the hearts developed VF in the presence of verapamil and ouabain (Table 2) . Identical results were found with 10 ,M nitrendipine (n =3).
To ensure that the lack of VF was due to Ca2+ channel blockade and not to inexcitability, we performed the same experiment while pacing the preparation at 2 Hz. Figure 3 is a representative experiment demonstrating that the preparation was still excitable in the presence of 10 ,uM nitrendipine and that VF could not be induced. With nitrendipine, the heart still could be paced, indicating the presence of excitability. Note in Figure 3 that discrete paced electrograms, associated with contractions, were present after nitrendipine. Nonetheless, VF was not produced.
After Na+-K' inhibition (Figure 3) Figure 4 shows that ryanodine indeed blocks aftercontractions produced by Ca21 oscillations during Na+-K+ pump inhibition in the rabbit model used in these experiments. Figure 4 shows aftercontractions produced in this model by ouabain intoxication. After pretreatment with 40 mM ryanodine ( Figure 4B ), no aftercontractions could be produced. We used this demonstration to prove that ryanodine, in the concentrations used, would block Ca21 oscillations in this model. Therefore, 10 ,uM ryanodine was added to the perfusate in six hearts. After the addition of 10 ,uM ryanodine, the perfusate KCI then was removed. VF developed spontaneously in all six hearts. Figure 5 shows a representative trace in which 10 ,M ryanodine was added to the perfusate. As can be seen, VF still was easily inducible.
These data suggested that Ca21 fluxing through the slow channel was necessary for the initiation of VF in these models. The role of Ca2' channels in the maintenance of VF was studied by the administration of verapamil or nitrendipine during sustained VF. In five of five hearts with sustained VF induced by Na+-K+ pump inhibition with K'-free perfusate, successful defibrillation always followed the addition of verapamil (Table 4) . Similarly, defibrillation always resulted from the administration of nitrendipine (n =3). When the AC method of induction was used, verapamil (seven of seven) or nitrendipine (three of three) produced defibrillation (Table 4) . stimulated VF. All 12 hearts were easily defibrillated with DC current ( Figure 1A ) (1-3 J), either early (after 30 seconds of VF, n =6) or late (after 3 minutes of VF, n=6) ( Figure 1 ). DC cardioversion failed in six hearts with VF produced by Na+-K' pump inhibition with K'-free perfusate ( Figure 1B ). Our records do not indicate whether transient defibrillation with reversion may have been present because of amplifier saturation ( Figure 1B) . In all six hearts, no defibrillation resulted from DC cardioversion.
DC

Discussion
The present experiments have demonstrated that sustained VF can be studied in rabbit hearts during FIGURE 6 . Effect of lowering the perfusate Ca2+ to 80 iM before Na+-K+ inhibition with potassium perfusion. Note the development oflow-amplitude right ventricular electrograms, but no ventricular fibrillation was seen over 1 hour of observation. The 1-second time marks are included. LV, left ventricular. . . . . . . . . . . . . . . . . , , ( ( w ' I t i l l + q We used two separate methods to inhibit the Na+-K+ pump. Our point in using both these perturbations was to address the hypothesis of whether an increase in intracellular calcium per se appears to be necessary and sufficient for the initiation of VF. The fact that either method produces absolutely identical results suggests that differences which might exist between these methods of inhibiting the Na+-K+ pump do not influence our results. In contrast to ischemic preparations, our models permitted controlled conditions of temperature, perfusion pressure, oxygenation, left ventricular end-diastolic pressure, perfusate electrolyte concentration, and the addition of pharmacological agents. The electrograms generated by both methods of VF induction ( Figures 1A and 1B (Figure 1 ), there is a substantial rise in tonic left ventricular pressure, compatible with this hypothesis. Also, during rapid AC stimulation, there is no reason to believe that the extent of inward current depolarization is homogeneous through the myocardium, thus allowing the same sequences to occur as proposed for the Na+-K+ model. Alternatively, there could be specific differences in the two models. Clearly, the AC stimulation could lead to changes in the transsarcolemmal distribution of other ions that might predispose to VF.
Depolarization due to Na+ channel activity does not appear necessary for the initiation of VF. In the concentrations used in this study, tetrodotoxin will produce significant Na+ channel blockade. 2425 We found that despite high concentrations of tetrodotoxin, VF was easily inducible in our model. At a time when the preparation was still excitable during highconcentration nitrendipine infusion, VF could not be induced (Figure 3) . Thus, both lines of evidence suggest that the activation of the Na+ channel is not necessary for the initiation of VF.
The mechanism for defibrillation in both models seems to follow from the same considerations. Reducing perfusate [Ca21] or adding Ca21 channel blockers during VF attenuates the Ca21 inward current and the attendant heterogenous depolarization. These maneuvers also drain the sarcoplasmic reticulum Ca21 load and lower the mean [Ca2] 1i, which in turn should allow for a return to normal cell-to-cell coupling and synchronization. This scheme implies that other perturbations that lead to generalized synchronization of cells (i.e., direct current shock) could effect defibrillation. That a shock was successful uniformly in the AC model and not in the Na+-K+ model is consistent with the hypothesis that in the Na+-K+ model, the spontaneous reactivation of the 
